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TH3 EFFECT OF CCWRESSPON RATIO, COOLED EXMUST GAS MIXED rJVITR 
TNLET AIR, AND INLET-AIR TBb!PERA!KJRE OR TKE KROCK*-ZIMfTED 
PERFORMANCE OF A FULL-SGAX SIh'GU$-CPLIb'DER EPrrJIlJE 
By Ray E, B o l ~  and Roland B r e i t d e s e r  
Object. - To determine the  e f f e c t  on the  knock-limited permissible 
--- 
power output, on the indicated spec i f ic  f u e l  consumption, and on tine 
cylinder temperatures ( 1 )  of exhaust-gas d i l u t i on  cf the  i n l e t - a i r  
charge, ( 2 )  of i n l e t - a i r  ternperatv~re without, exhaust-gas d i lu t ion ,  and 
(3 ) of compr~ssion r a t i o ,  
Scope. - Tests were made on a Wright 3-1820 G200 single-cylinder 
-- 
engine a t  an engine speed of 1600 rpm. The t e s t s  ccnsisted of deter- 
nining t h e  maximum permissible engine performance as  l imi ted by knock 
under the  f o l l o ~ i n g  conditions : 
1, Compression r a t i o  (7*0  t o  10.0) without exhaust-gas dil.ution 
i n  the in take a i r  md a t  constant i n l e t - a i r  temperatureo 
2. Comprsssion r a t i o  (7,O t o  10.0) witch exhnust-gas d i l u t i c n  
( 0  t o  20 percent, by weight of iritake a i r )  and a t  constant in le t -a i r  
temperature. 
3. In le t - s i r  temperature ( 1 0 0 ~  F t o  250' F) with no exhaust-gas 
d i l u t i on  and a t  constazzt compression r a t i o .  
Suniary of r e s u l t s ,  - The t e s t s  shovred the follcwing r e su l t s :  
1. Increasing the cylinder compression r a t i o  t o  10.3 from the 
o r ig ina l  value of 7 -0  decreased the knock-limited indic?t,ed mean 
e f f ec t i ve  pressure 42 percent, a t  a f u e l - ~ i r  r a t i o  of QeC6 and 24 per- 
cent a t  a. fuel -a i r  r a t i o  of 0.10. The respective decreases i n  the 
indicated spec i f i c  f u e l  c~nst~mpt.ion f c r  these fuel-a i r  r a t i o s  were 
8 2nd 10 percent.. 
2. Decreasing the  i n l e t - a i r  telnperatilre a t  a compression r a t i o  
of 7.0 t o  1 0 0 ~  F from the  o r ig ina l  value of 250' F increased the  
knock-linited indicated mean effecti1.e pressurn 3'3 percent a t  a fuel-  
a i r  r a t i o  o f  p . 0 6  end 1 2  percpnt q t  f--~ol-?-ir r2ti0 nf O a I ! I e  
3 .  The use of cooled exhaust g i s  mixed with the  intake air 
ra i sed  tlie knock-free power of a cor~ventional a i r c r a f t  f ue l ,  
4 
I L P  The use of ~ x h a u s t  gas caused an increase i n  indicated spe- 
cific f u e l  C Q Y ~ S U I I Y ) ~ ~ Q H  both when the engine was operated a t  the  
knosk--1imit.ed gewss ib l e  performa~ce and below t h i s  l i m i t *  
5'. Exkiaust--gas addi t ions  had a c.ooling e f f ec t  on t h e  engine 
b a d  8nd s y l i n d e ~ *  The ex1laust.-valve-.guide temperature, however, 
always exhibited a tendency t o  increase with exhaust-gas d i l u t i on  a t  
fuel -a i r  r a t i o s  bdow @,Q6$, 
6.  The use.'of exhaust -gas mixed-with the  in tzke a i r  a t  high 
compression ra-tios t o  obtain the  s m e  power output ss  t he  cclaventicnal 
~ o w - c o ~ r e s s i o n  -:%ti0 e n g b e  decreased the cylirrdt3r - teniixrature S 
7 .  A t  a m m p ~ s s i o n  r a t i o  of 7.0, a 4' F decrease in t h e  in le t -  
a i r  kmperaturpe had t h e  same average effect- i n  raising the  knock- 
l imi ted pex-fos?n;mce of the  engine a s  sn addition of 1 perc.mt eXh2~8t 
gas t o  t h e  inlet, a i r ,  
0 8. Decreasing t h e  inlet-.-air t e ~ p e r a t u r e  from 250 F t o  lCQO F 
had no appreciable effect  on the  temperatures of t he  cylinder head 
and Fanel, t l ~ o u ~ h  t e  knock-linril;ed power o x t p t ~ t  increased a s  much 
2s 30 percent, For these  conditions the  exhaust-valve-gui5e. tamger- 
a tu re  increased a maximum of 30' F a t  at,out 0.07 fue l -a i r  r a t i o .  
Conclusions. - From an analysis  of the tes t  s e su l t s ,  the  -fQDwing 
c o n c l ~ s i o n s  were reached: 
1. The use  of exhaust- %as as sn  i n t e rna l  coolant  present,^ the 
f o l l o ~ 6 n g  disadvantages frsin considsrations of engine operation: 
(a) C~mpdratj~vely h igh  percentages of exhaust gss (22- per- 
cqnt by ureight of in take a i r  o r  more) a re  required t o  pduco - . "x l  
aPPPe-iable increase in knock-2iai ted indicated mean e f f ec t i ve  pressure 
( h )  The use of exhaust gas ca.lses s decrease i n  indicated 
t h e m 1  eff ic iency and reqllires an increase i n  i n l e t - a i r  pressure for  
a given power output cornpared w i t ) :  conventional operation* 
2, The adv isab i l i ty  of the  use of exhaust gas a3 -an- in - te r r l a l ,  
 COO^?!^ f o r  increasing t he  m&num pemis s ib l e  power cut$ut of an 
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a i r c r l f t  engine nust  be judged i n  a.ddition t o  the  dqta  presented ir 
t h i s  paper on t he  d i f f i c u l t i e s  t o  be encountered i n  cooling the 
exhczust gas and i n  introducing it in to  the  incoming charge. 
INTRODUCTION 
In  e s r l y  irivestigations concerning the e f f ec t  of exhaust-gas 
d i l u t i on  on knock-limited performznce of engines, Ricardo (reference 1) 
mixed cooled exhaust gas with engine in take a i r  and found the  gas t o  
be a lrnock i nh ib i t o r .  Sanders and Rarnett  (reference 2 )  conducted 
s imilar  t e s t s  t o  det.emine t,he e f f e c t  t h a t  engine exhaust ga s  mixed 
with engine in take a& has on knock-limited performance of a CFR engine. 
A s  a r e s u l t  of %he prcgram i n  reference 2 ,  more complete t e s t s  were 
run on a ';right l82C G200 single-cylinder t e s t  engine and are reported 
herein. The purpose of these t e s t s  was t o  survey t he  following possi- 
b i l i t i e s  : 
1. To USP exhaust, g a s  a s  an i n t e r n a l  coolant i n  conjunction with 
the  use of higher compression r a t i o s  t o  accomplish an increase i n  t h e  
thermal eff ic iency of er,gines withcut Ioweri ng the  knock-f ree  power 
output. 
2. To use  exhaust gas as an i n t e r n a l  coolant i n  ex i s t ing  a i r -  
c r a f t  engines t o  increase take-off and cruis ing knock-free power out- 
puts. Such an increase would r e s u l t  i n  lower spec i f ic  engine weight 
and therefore  i n  incrgased losd-car ry in~  capacity, speed, o r  climb f o r  
a given airplane.  
The advantage of using exhaust gqs a s  an i n t e rn s1  coolant i s  t h a t  
a continuous supply m2y be taken d i r e c t l y  from the  engine without the  
necess i ty  of carrying addi t ional  f l u i d  i n  the airplane.  The obvious 
disadvantage i s  t h e  equipment t h a t  would be necessary f o r  cooling t he  
engine exhaust gas p r i o r  t o  in jec t ion  i n to  the  in take a i r ,  The term 
" i n l e t  mixture11 a s  used i n  t h i s  repor t  r e f e r s  t o  a mixture of a i r  
and exhaust gas ex i s t ing  i n  t he  intake system before f u e l  in jec t ion ,  
O f  i n t e r e s t  a l so  i s  the  experiment.al evaluation of the e f fec t  
of i n l e t - a i r  temperature and compression r s t i o  on knock-limited engine 
p e r f o r ~ ~ a n c e  as a me?.cns of corcparison with the  exhaust-gas resu1t)s. 
The experiments were conduct.ed a t  Langley Memorial Aeronautical 
I-aboratorg i n  Oct,ober and November 1942. 
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APPARATUS 
Test  engine. - The t e s t s  were made using a Wright 1820 G200 
crankcase and cylinder equipped with a spec ia l  high-compression 
pis ton f o r  obtaining a compression r a t i o  of 10.0. Compression 
r a t i . 2 ~  of T O O ,  8.0, and 9.0 were obtained by the  use of spacers 
between the  crankcase and cylinder f lange.  The compression r a t i o  
was checked by o i l  dis2lacement. 
Engine torque was measured with a 15O-horsepower cradle dyna- 
mometer and engine speed was determined with an e l e c t r i c  timer and 
revol-ution counter. A constant engine speed of 1600 rpm was main- 
tained through the  use of a 60-cycle neon lamp and appropriate f ly -  
wheel markings. 
Incjipient knock was determined by a magnetostriction pickup i n  
conjunction with an oscillograph. The engine temperatures were 
determined from cal ibra ted surface thermocouples and from a potenti-  
ometer. 
Cooling ( f i g .  1 ) .  - The engine cooling a i r  originated from a 
ro ta ry  blower i n  s e r i e s  with an induction blower. The energy of 
r e l a t i v e l y  high-pressure a i r  from the  ro ta ry  blower was u t i l i z e d  t o  
induce a la rge  volume of low-pressure a i r  f o r  engine cooling. The 
quant i ty  of cooling a i r  was controlled both by the  speed of the  motor 
dr iving the  blower and by a s l i d e  valve i n  the  cooling-air duct. The 
engine was equipped with an aluminum cowling closely formed t.0 the 
shape of the cylinder.  No means of control l ing the temperature of 
the  cooli.ng a i r  supplied was avai lable ,  The maximum var ia t ion  of 
t h i s  temperatme throughout t he  t e s t  program was f8O F. 
Combustion a i r  (f i g l  I ) .  - Combustion a i r  originated from the  
laboratory supply l i ne ;  t h e  pressure was controlled by a pressure- 
regula t ing valve. A i r  quanti ty was m5asured by a square-edge thin- 
p la tebor i f i ce  meter. A heater with a manua.11~ controlled bypass 
valve regulated the  i n l e t - a i r  temperature before i t s  en t ry  i n t o  t he  
i n l e t  surge bank. The surge tank was of approximately 10-cubic-foot 
capacity and was separated from t h e  engine by a shor t  i n l e t  pipe 
equipped wi th  a ventur i  th roa t  and a f u e l  needle valve. The i n l e t -  
a i r  thermometer was located i n  the  ou t l e t  of the  surge tank. Through- 
out the t e s t s  t he  in]-et-mixture pressure and the  i n l e t - a i r  pressure 
were l imi ted  t o  60 inches of mercury abss lute  by the  heating capacity 
of the air-heater  co i l s .  
Exhaust gas ( f i g .  2). - The engine had normal exhaust through a 
s i l encer  t o  a lover-pressure vent trough. A 1-inch pipe, which w a s  
connected t o  the exhaust pipe a t  the  engine por t ,  passed exhaust gas 
through 20  f e e t  of water-jacketed cooling pipe and a water t r a p  t o  an 
13ACA ARR No. 4C3l 
exhaust-gas compressor. Completing t he  sxhanst-gas system was a 
l a rge  surge tank with a pressure-regulating valve t o  maintain a con- 
s t a n t  t t nk  pressure of 90 inches of mercwy absolutg, a water t rap ,  
a square-edge thin-plate o r i f i c e  f o r  measuring the  quant i ty  of flow- 
ing gas, and a globe control  valve. The exhaust gas was piped t o  
t he  in le t -a i r  surge tank near the  inlet-pipe connection of the! engine. 
fin special provision was made f o r  niixing t he  exhaust gas l ~ i t h  t he  
i n l e t  air o-tker than t h a t  pro-vicled by %he turbulence i n  the  surge tank. 
In a l l  t e s t s  t he  quanti ty of exhaust gas was l hn i t ed  by t h e  capacity 
of the  exhaust-gas compressor t o  20 percent af the  intake air.  
A 1 1  o r i f i c e s  were i n s t a l l e d  and ca l ib ra ted  according t o  kh, Q recom- 
mendations of t he  A.;$.M.E, 
Fuel (ff". 2)  * - The fuel-reqsuring device consisted of a g lass  
bure t te  of 1,2-p0~1nd capacity with a photoelectric-cell  timing device. 
Measurements of t11e r a t e  of f u e l  flow were taken by a rotameter. An 
independent, gear-type f u e l  pmp supplied low-pressure f u e l  (50 t o  
60 lb/sq in.) f o r  continuous in ject ion.  The anount of f l r d  suppl i~d 
t o  t he  engine was  regulated by a bypass on t h e  pump and by a manually 
control2ed mixing valve i n  the  i n l e t  pipe. The f u e l  via@ in jec ted  
upstream i n t o  the  manifald ventur i  about 15 inches from the  inlet por t  
of the  ~'nglne; t h e  i n j ec t i on  was i n  thg form af several  continuous 
streams of f u e l  from dr i l led  o r i f i c e s  i n  t h e  i n j ec t i on  tube. A l l  
fnel lines were water- jackelsd. 
The fxel used th;roughout t he  t e s t  was A r m y  100-octane gasoline 
obtained from t h e  hrqy supply s t a t i o n  9% Langley Fie ld ,  Va. 
TEST I?!?OCEDLTRE 
Eqxilibriurn engine conditiorls were est2blished and check ~ o i n t s  
taken before each day's run. Vhen the  o i l  tem;serature, the  i n l e t -  
ai.r te~npcrature , t he  c ooling-air press:re, and the  exhaus t-gas-tank 
pressure had 4.1 at ta ined t h e i r  desired conditj.ons, the  f u e l  flow was 
regulated f o r  rich-mixture oper.ttior1, The i n l e t - s i r  press-we and 
the  corres~onding d i f f e r e n t i a l  pressure a t  the exha~zst-gas orif i c e  f o r  
the  desired ai.xture were then increased by increments a t  the  point  of 
i nc ip i e :~ t  knock. 811 otllcr corltrols vrer6? simultaneo-.lsly adjusted f o r  
cons i;ant engine conditions. The t e s t  rexiings were recordgd a f t e r  
10- t o  15-minute ope%-ation a t  each p a r t i c ~ i l s r  point  which allowed equi- 
l ibrium t o  tie established.  Lean-mixture p~3ints mrs taken by s e t t i n g  
the  i n l e t - z i r  pressure, the exhaust-gas o r i f i ce  d i f f e r en t i a l  pressure, 
and the  j-nlet-air tenperatars a t  dssirqd values and then by increasing 
the f u e l  flow t o  the point of i:icipielit knock. 
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The following t e s t s  were conducted t o  determine the  e f f e c t  cf 
various f a c t o r s  on engine performance: 
[Engine speed, 1 6 ~ 0  rpm; cooling-air pressure drop, 6.5 in .  water; 
oil-out temperature, k6S0 F t o  17s0 PI 
TEST RESULTS 
Effect  of Compression Ratio on Maxi~urn 
Limiting 
c o n d i t i m  
Permissible Engine Performance 
Compres- 
s ion 
r a t i o  
Spark 
advance 
(deg R*T.C .) 
Figure 3 presents the  r e l a t i o n  between fue l -a i r  r a t i o  and 
knock-limited perfarmance when the  engine was operated with f resh 
intake air and a constant  spark advance of 2 0 O  B.T .C. a t  cornpression 
ratios of 7.0, 8.3, 9.0, and 10.0, The spark advance xas re tarded 
a few degrees from optimum f o r  t he  engine operating a t  1600 r9m and 
7.0 compression ra.tio. The data  of f i g u r a  5 a r e  cross-plotted i n  
f i g u r s  4 as  constant Sus1-air-ratio clxves. The p lo t t ed  points  a r e  
not da ta  points  .'out, a r e  shcwn t o  i l l u s t r a t e  the  consistency of the 
CUTVSS 
E f f ec t  of & & a u ~ t - ~ a s  d i l u t i on  a t  various compression r a t i o s  
' 7 T T : e n ;  
I 10.0 
Ef fec t  of spark advance 
I n l e t -  : I n l e t -  
mixture air 
tempera- tempera- 
t u r e  ! t u r e  
(OF) ( O F )  
Exhaust- 
gas di lu-  
t ion  - 
( percent) 
Inc ip ien t  
knoc!c 
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Values of indicated spec i f ic  f u e l  consumption f o r  a compre,ssion 
r s t i o  of 10.0 a s  compared with a compression r a t i o  of 7.0 were appre- 
c iably  lower, For example, the  percentage decreases a t  fue l -a i r  
r a t i o s  of 0.06 and 9,lO a re  8 and 10, respect ively .  (See f i g .  4.) 
Accompanying t h i s  noticeable increase i n  engine eff ic iency a t  higher 
compression r a t i o s ,  however, i s  a decrease i n  avai lable  knock-limited 
mean e f fec t ive  pressure, A t  a compression r a t i o  of 1010 compared wi th  
a compression r a t i o  of 7.0 ( f i g .  4) the  percentage decreases a r e  42  
and 24 a t  fuel -a i r  r a t i o s  of 0.06 and 0.10, respectively.  This decrease 
i n  maximum permissible power is primarily a resul t  of higher combustion 
temperature and density and, therefore,  of higher end-gas temperature 
and density accomganying higher cor~pression r a t i o s ,  The decrease i s  
secondari1:y a r e s u l t  of greater  flame speeds at higher comgression 
r a t i o s  wi th  no readjustment of the  spark advance t o  optimum a t  each 
compression rati-o. (See reference 3 .) 
Figure 5 presents curves of constant indicated mean e f fec t ive  
pressure showing ltnock-limited engine performance over the. range of 
compression r a t i o s  from 7.0 to1G.G. Tlie l i n m  representing knock- 
l imi ted  indicated mean e f fec t ive  presswe over the  range of fuel -a i r  
r a t i o s  from 0.065 t o  0,10 show th8.l; any Increase i n  power 8.t the  knock 
l i m i t  a t  a given compression r s t i o  m u s t  be acco~nplished by an increase  
i n  fuel -a i r  r a t i o ,  Figure 5 also shows t h a t  f o r  any given power out- 
put the  required i n l e t - a i r  pressure deoraased f o r  higher compression 
rati-os even though the fuel-air ratio inbxeased. 
Effect  of Compression Ratio on Engine Temperatures 
Figure 6 i s  a record of the temperatures of the cylinder head, 
the  cylinder ba r r e l ,  and the  exhaust-valve guide corresponding t o  the  
conditions i n  f igure  3. The visual  impression presented by t he  
curves - namely, t h a t  the  cylinder head, the  cylinder ba r r e l ,  and the  
exhaust-valve-guide temperatures decrease wi th  an increase i n  compres- 
s ion  r a t i o  - i s  misleading because the power output a l s o  decreased. 
Unpublished NACA data  ind ica te  than an increase i n  compression r a t i o  
a t  constant indicated mean e f fec t ive  pressures increases the tempera- 
t u r e s  of the  cylinder head and d.ecreases the  temperatures of t h e  cgl- 
inder ba r r e l  and t h e  exhaust-valve sea t  and gnide . 
Effect  of Exhsust G3s on Full-Scale Single- 
Cylinder Zngine Performance 
Figure 7 presents the  r e l a t i on  between fus l -a i r  r a t i o  and the 
ltnock-li~nitcd p r f  ormsnce when the encine was o p r a t i n g  with f r e s h  
in take a i r ,  with 10 percent exhaust f;as added i o  in take a i r ,  and 
with 20 percent exhaust gas added t o  intakp a i r  a t  compression r a t i o s  
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of 7.0, 8.0, 9.0, and 10.0. The exhaust-gas concentration i s  
evpressed as percentage by m i g h t  i n  the mixture r s l a t ive  to  f resh  
a i r .  
These c;xhaust-gas t e s t s  were run a t  a constant spark advance. 
The analysis of the e f fec t  of exhaust gas on the rednction or" flame 
speed, however, l e d  t o  the ser ies  of curves of figure 8. Three runs 
111r~re made a t  a spark advance of 2fJ0, 2s0 ,  and 30° R .T.C . using 2'3 per- 
cent exhaust gas a t  9.0 comnression r a t io ,  The advanced spark (f ig,  8) 
brought about a much lower indicated specif ic  fue l  consumption and 
a lso  a lnwer knock-limited indicated mean effective pressure. This 
decrease i n  lunock-limited indicated mean effective pressure indicates 
t h a t  peak pressures were occurring more nearly a t  top dead center for  
highsr spark advances and were thus aggravaking the conditions tha t  
l e d  t o  knack. The r s su l t s  indicate tha t  the spsrk advance of 
73' B.T.C. vas approaching the optimm value a t  an engine speed of 
1600 rpm and a compression r a t i o  of 9.0, when 20 percent exhaust gas 
was used. The relat ion of optimum spark advance t o  varying compres- 
sion r a t i o  and to  varying exhaust-gas dilution, homver cannot be 
p ~ s d i e t e d  from these data. 
The ef fec t  of a 20-percent addition of exhaust gas on maximum 
permissible engine operation a t  twc! representative f uel-air r a t io s  
i s  indicated i n  tne following table: 
[AU values are  expressed as percgntage increase of the 
20-percent exhaust-gas diluti.cn, knock-limited perform- 
ance factors  over the conventional 0-percent perf orinance 
factors.) 
I - - 0.09 fuel-air  r a t i 3  
9.0 
10.G 2 0 lis 
- 
Increase i n  indi- 
cated specif ic  
f u e l  consunption 
(percent) - 
Compres- 
s ion  
r a t i o  
0.06 fael-air  r a t i o  
Increase i n  indi- 
cated mean effec- 
t i ve  pressare 
(percent) 
Increase i n  
2nXet-air 
pr?essure-) 
( perc2nt) 
The fo l lowing  t ab l e -p re sen t s  t h e  d a t a  of i n d i c a t e 4  s p e c i f i c  f u e l  
consumpticn f o r  exhaust-gas d i l u t i o n s  of 9 and 20 percont  a t  th2  
knock limit: 
-.-- 
Fuel-air ra t j -c ,  
s i o n  0 .06 C.G9 
It i s  ev iden t  from t h i s  t a b l e  and from f i g u r e  7 t h a t  t.hc a d d i t i o n  of 
exhaust gas  no t i ceab ly  inc reases  the  kngck-limited ind ica t ed  mean 
e f f e c t i v e  pressuTe a t  t h e  h ieher  conpression r a t i o s  both  on an  abso- 
l u t e  and on a percentagz! b a s i s .  It ma;f d s o  be seen t h a t  the  addi- 
t i o n  of exhallst gas i n c r r a s s s  t .As  ind:'i.cated s p e c i f i c  f u e l  consumption 
and t h a t  t h i s  i nc re s so  oecomes sn.ltller z t  t h e  higher  compression r a t i o s .  
These phenomena in37 have t h e i r  exp lana t ion  i n  t h e  f a c t  t h a t  con- 
s t a n t  spa rk  advance w a s  uszd t h r w i g h o ~ ~ t  t.he experiment. 7 ; t  has been 
shc)7m ( r e fe rence  3) t h a t  f o r  hj-gher compression r a t io s  opt<-murr. spark  
advance usual-ly decreases ,  o the r  c o n d i t i ~ n s  being constant ,  whereas 
t h e  a d d i t i o n  02 exhaust  gas t o  t h e  i n l e t  a t r  tends t o  i r lcrease the 
optim?lrn spa rk  advance. Therefore,  t h e  ccmbi aiation of t h e s e  two 
opposiug b u t  unequal e f f e c t s ,  coupled wi th  t h e  f a c t  t h a t  t h e  spark  
advance of 20° B.T.C. was a few degrees r e t a r d e d  from optimuin at 
7.0 compression rati:, w i t h  no exhxust-gas d i l u t i o n ,  may h a ~ e  produced 
more n e a r l y  optimum spark advance a t  t h e  higher  c o m ~ r e s s i t n  r a t i o s  
with exhaust-gas i n j e c t i o n  arid may acccunt f o r  t he  more f avo rab le  
e f f e c t  of t h e s e  gases  on engine e f f i c i e n c y  at  t h e  higher  comgressi-on 
r a t i o s .  According t o  f i g u r e  8, it is  q u i t e  poss ib l e  t h a t  t h e  addi- 
t i o n  of exhaus t  gss may n o t  a f f e c t  t h e  s p e c i f i c  fue l  consumption i f  
t h e  spark  advance were s e t  a t  o p t i n ~ ~ ~ m  f o r each exhaust-gas d i l u t i o n .  
The use of optimum spa rk  advance, however, tvoul-d r ~ d u c e  thc  e f f e c t i v e -  
ness  of t h e  exhanst  gas i n  inc reas ing  permiss ib le  power. 
F igure  9 i s  a c l e a r  i l l u s t r a t i o n  of t h e  in cress^ i n  i n d i c a t e d  
s p e c i f i c  fuel consumpti on wi th  exhaust-gas addi t ior i  a t  7.0 compression 
r a t i o  because it w a s  taken  a t  constant  i n d i c a t ~ d  mean e f f e c t i v e  ijres- 
sure we l l  b e l o l ~  t h e  de tona t i cn  l e v e l .  
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The curves from a CFR engine presented in reference 1, s h o v ~ g  
the  r e l a t i o n  of indic l ted s7eci.fic f a e l  consumption t o  fue l -a i r  r a t i o  
f o r  a compression r a t i o  of 7.0, exh ib i t  no de f in i t e  increase  i n  indi-  
cated spec i f i c  Zuel consump tion f o r  exhallst-gas addi t ions  of $ and 
7 percent,  This f a c t  i s  not  necessarily c o n t r a d i c t o q  t o  the  present  
r e su l t s ,  however, because t he  spread of the  pointas f a r  indicated spe- 
c i f i c  f u e l  consumption i n  t he  Clia  da ta  i s  as  g rea t  a.s $he expected 
var ia t ion  and the  percentages of exhaust gas  1.1ssd i n  the  CFR t e s t  were 
no t  su f f i c i en t l y  large  t o  est ,ablish a clef i n i t e  trerld. 
From f igure  7,  a cornpar!-son can 'be made of the  curve f o r  20-percent 
erhaust..-gas d i lu t ion  a t  a comprt-;ssion r a t i o  of 10,O with tlie curve f o r  
O-percent exhaust-gas di lu t isn  a t  a compression r a t i o  of 8.0, @anti-  
t a t i v e l y  s imi la r  knock-limited indicated-mean-effeckive-pressu~e curves! 
indicat ing equal power outputs,  a r e  revealed. The indicated specif ic  
f u e l  consumption over t he  range of fuel -a i r  ra t ios  from- 0.065 t o  0.10, 
hol~ever, i s  lower a t  the  10.0  compression rat . io t h a t  a t  tne 8 - 0  cam- 
pressfon ra t io8  the  rnxxinmn dif ference i s  about ,5' percent. In adcli- 
t ion ,  the  c. l inder  t e q p e r a b r e s  p lo t ted  in f lgures  10(b) and lO(d) a r e  r: 25' F t o  50 F lower a% 10,O compression r a t i o  than a t  the  8.0 compres- 
sion r a t i o ,  A cooling advantage as well a s  an e f f ic iency  advantage 
associated w i t 3  the  use of high coqr9ss ion  r a t i o s  and exhaust-gas 
d i l u t i on  i s  thus indicated.  These temperature e f f e c t s  w i l l  be more 
f u l l y  discussed. 
Figure 11 c le s r l y  i l l u s t r a t e s  the  conparison of indicated spec i f ic  
f u e l  co~lsmpt ions  at various knock-linited l eve l s  by showing the  re la -  
t ion  between indicated spec i f ic  f u e l  conejum$.ion and iridicated mean 
e f f ec t i ve  pressure f o r  the  t e s t  condit ions gi.ven i n  f igure  7. k t  an 
indica-ted spec i f ic  f u e l  consunption of 0,375, about 10 percent more 
power is avai lable  f o r  the  20-percent-exhz~~st-gas d i l u t i on  a t  10,O com- 
pression r a t i o  than f o r  the  0-percent d i lu t ion at 8.0 compression 
r a t i o .  This advantage rap id ly  decresses a t  higher fuel-consumption 
operation. Contrary t o  t he  higher eff ic iency aevantage acconpanykg 
the  use of high canpression r a t i o s  with exhaust-gas d i l u t i on  i s  the  
f a c t  t h a t  such a p rac t ice  requires  appreciably higher boost pressures  
f o r  a given power output. This difference i s  from 3 t o  5 inches of 
mercllry in the  comparison j u s t  c i t ed ,  Figwre 9 a l so  cla,arly i l l u s -  
t r a t e s  this f a c t  because n 30-percent increase i n  i n l e t - a i r  pressure 
i s  necessary, when 20-percent exhaust gas i s  used, i n  order t o  accom- 
p l i s h  t h e  same power o~ t tpu t  a t ta ined when the  engine was operated with 
no exhaust-gas di.11xtion and with a l l  o t he r  conditions equal. 
From these  r e a r l t s  it seems reasonable t o  conclude t h a t  the  addi- 
t i o n  of exhaust gss a t  higher comx>ression r a t i o s  o f f e r s  the advantage 
of b e t t e r  f u e l  econoq  a t  t he  same power-output l e v e l  t h a t  ex i s t s  f o r  
a i r c r a f t  engines of lovrer compression r a t i o  but  o f f e r s  the  disadvantage 
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of appreciably higher boost pressures required f o r  the same power out- 
put. The supercharger a,nd aftercoaling requirements are  thus increased 
and the c r i t i c a l  a l t i tude  attainable with a given ins t a l l a t ion  is  
1 owered, 
The use of exhaust gas f a r  increasing the pamr output of conven- 
t iona l  a i r c r a f t  engines with lower compression r a t ios  may also be 
evaluated from the r e su l t s  of these t.ests. Figure 7, f o r  a campses- 
s ion  r a t i o  of 7'0 and an exhaust-gas di lut ion of 20 percent, shows an 
increase i n  knock-limited indicated mean effect ive pressure of about 
4 percent a t  a fuel-air  r a t i o  of 0.09, an increase of 25 percent at a 
fuel-air  r a t i o  of 9.06, and a fur ther ,  but quastionable, Leaner-region 
power increase over the knock-Xinited indicated man effeeLive pressure 
a w i l a b l e  when no exhaust gas -vas used. In  the l i g h t  of present-day 
a i r c r a f t  a p ~ r a t i o n ,  t'nerefore, wh~n an exhaust-gas d i lu t ion  of 2Q per- 
cent arid the conditions off the t e s t  i l l u s t r a t e d  i n  f igure 7 were used, 
the take-off horsepower could be increased 4 percent and the engine 
could be op3raked a t  a IOYJ~P f u e l - % i r  r a t i o  during take-off becmse 
of . the cooling ef fec t  of the e+xhsust-gas addition (f ig .  lO(a)).  The 
cruising ho-rsepower, however, c d c l  be increased up t o  25 garcent witch 
resul t ing advantages of higher s p e d  and bet ter  climb. I n  these cases 
of exhaust-gas di lut ion,  an additional weight on the a i r c r a f t  vfould 
ex i s t  because of the required exha~rst-gas cooler and increased power 
would be required by the supercharger f o r  any given engine output. 
In  general, the engine performance at  higher percentages of 
exhaust-gas d i l u t i ~ n  was l imitad t o  a smaller range of fuel-air  r a t io s  
and the knock i t s o l f  became more unsteady and was audible a t  varying 
intervals during any one t e s t ,  Operation was especially e r r a t i c  i n  
the  lean regions and may have b8en caused by: (1) non-homogeneous 
mixing of tihe exhallst gas with t h e  intake a i r  causing varying percent- 
ages t o  e x i s t  within the cylinder a t  different  strokes8 (2)  faul ty ,  
uneven fuel  injections or (3) a combustion character is t ic  associated 
w i t h  the gas* Because much bet ter  operation i n  tihe l imit ing regions 
of fuel-air r a t i o  was possible with @eater spark advance, point (3) 
was probably predoninant, 
Recaxlse the capacity of tho compressor was limited, 20 percent 
i s  the highest reco~ded percentage of exhaust gas used i n  these tests4 
a few isolated points were taken a t  30 percent, fioweuer, and indicated 
fair ly  smooth engirit? operation and f a i r l y  proportional increases i n  
the l imi ts  of maximum permissible engi.ne cperation. These higher 
percentages of exhaust gas fur ther  limited the operating range of fuel-  
atr ra t io .  
Effect of Exhailst Gas on Engine Temgeratures 
Figures 10 and 12 show engine temperatures a t  various points 
an the cylinder head a d  cylirrder barrel  as fmct ions  of fuel-air  
r a t io .  Figure II) indicates  the e f fec t  of exhaust gas on knock- 
lrimited engine terflperatures f a r  the four compression r a t ios  tested, 
An important trerid i s  the general cooling af fec t  that  exhaust 
gas has on all engine tumperakures with the exception of' the temper- 
ature of the exhaust-valve guide. Figure 1 2  indicates this f a c t  
very clear ly because the temperatures a re  those tha t  existed f a r  con- 
s tant  indicated mas effective pressure with various percentages of 
exhans t gas . 
The tenperatures a t  t h e  center of the head, a t  the rear spark- 
plug bushing, a t  the rear  middle of the cylinder bar re l ,  and a t  the  
rear  bar re l  above the cylinder flange are  lowered 11y an exhaust-gas 
d i lu t ion  of 20 percent a t  the 7.0 compression r a t i o  ( f ig .  10(a) ) even 
though the power ou%put i s  increased. In the case of the higher com- 
pression r a t i ~ s ,  these same t e ~ p e r s t u r e s  tend t o  incrtsase s l ight ly  
above the i r  i n i t i a l  erhaust-gas-dilution value a f  O percent i n  the 
regian leaner than abcut. 9+07 fuel-air ra t io .  
The temperature cf the exi~a:~st-valve guide f o r  the t e s t s  with 
exk~ziust-gas di lut ion always increased cor,siderably i n  the lean r-3gions, 
as shorn i n  figures 10  mcl 1.2. This increase is  probably a d i r ec t  
r e su l t  of the e f fec t  of exhataet gas on retardin3 the ra te  of combustion, 
although t h i s  statemf:nt, c a n n ~ t  be s2~pportsd by t8!m data of the present 
regorto For satisi"ac%ory use of exhaust gas i n  present aircTa2t 
engines, however, be t te r  cool*hg for  the exhaus t-valve guide would 
probably be necessary, altllough no operating troubles r m e  experienced 
during this t e s t .  
Effect of IrLLet-Air Temperature on t!le Performance 
of a Full-Scsle Single-Cylinder Engine 
Figure  13 indicates the knock-limited performance of the engine, 
o ~ e r a t ~ i n g  vri.th fresh-air  i n t a k e  and 7 .('I compression r a t io ,  fo r  in le t -  
a i r  t emprs twes  of 1330, 15g0, 208 ' ,  and 250" F. These data a re  
cross-plotted i n  f igure 14 a5 coxistarit fuel-air-ratio curves. A s  i n  
figure li, points are  shi)~m only t o  indicate t h e  consistency of the 
curvss and are  not actllal data :toinis. The i n c r ~ a s e  i-n knock-limited 
indicated mean effective pressure available by reducing the in le t -a i r  
tenpcrat,:lrc from 25W F t o  130~ F' i s  30 percext st 0.06 fuel-air  r a t i o  
and 1 2  percent a t  it, LO f uel-it.;-r r a t i c .  In aclditiori, t h i s  iricrease 
i n  2ermissible power a t  the knock limit, rnade possl.ble by lowering the 
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inlet-aPr tempe~ature,  is  a~compl~shed with no change in  indicated 
specific '  f u e l  consmaption and with a anal l  iGrease  i n  in le t -a i r  
presswe. A s  a resu l t ,  a comparison of figure 13  with figure 7 f o r  
a 7.0 compression r a t i o  shows tha t  a 4O F reduction i n  inle-b-air ten- 
perature 'has the  same general e f fec t  toward hc reas ing  the maxbwn 
pemiss ib le  power output of the  engine as a 1-percent exlmust-gas 
d i lu t ion  and is not accompanied by any r i s e  i n  indicated specif ic  fuel 
consm~t ion ,  a s  was the caae i n  the  use of exhar~st gas over the  range 
of fce l -a f r  r a t i o s  tested. Them daka s t r e s s  the necessity of cooling 
the exhaust gas t o  the Inlet-air  temperature and a lso  serve to show 
tha importance of aftercooling i n  re lz t ion  t o  permissible en&@ power. 
Effect of Inlet-Air Temperature on Engine Power Output 
Cylinder-head, cylinder->amel, and exkaust-valve-guide temyera- 
tvxes a re  sho.c;n i n  figure 15 fo r  inlet;-air "Umperat~~res of 100° F and 
2500 F. Even thov.& tine engine power output fo? the 1000 F i n l e t - a i r  
temyera-tv.re excsedsd the outpl~t a t  250° F in l e t - a i r  temperature by 
about 13 t o  24 percent) the i;empera+wes of the cylinder head and bar re l  
remained pract ical ly  unchanged, They were s l igh t ly  lower i n  the  r i c h  
region and sllghkly higher i n  the lean rzgion, The exhaust-valve- 
gcide temperature exhibited a more marked increase i n  the lean region, 
Tlie laaxim~m increase w a s  alout 30° F at  a fue l - s i r  r a t i o  of 0.07, 
DISCUSSION 
The use of higher conpression r a t ios  t o  increase the themnal 
efficiency of an a i r c ra f t  engine is a sat isfactory proceaure, but 
such a practice is  always acconipanied by a largo decrease i n  knock- 
limited power output of an engine a t  a given fue l -a i r  ra t io .  An 
immediate solution t o  t h i s  problem may l i e  i n  the use of a sui table  
coolant f l u i d  taken into the cylinder with the fue l -a i r  mixture t o  
r a i se  the  mxhm pemissible  per:foxmance of the high-compression- 
r a t i o  engine t o  the level  of existing cngines of lower compression 
rat io .  I T  t h i s  internal coolant is of such nature tha t  it need not 
bo carried as part  or' the fue l  load, it may then reduce the indicated 
specif ic  fue l  copsmnptior, with0u.t sacr i f ic ing the weight-power r a t i o  
of the engine. 
Tho use of exha~lst gas a s  the internal  coolant appears unsatis- 
factory f romths  resu l t s  of t h i s  t e s t  f o r  several reasons. F i r s t ,  
tlie use of exhaust gas causes a docrease i n  thermal efficiency, par t ly  
nul l i fying the advantage of an engine with a higher comyrcssj.on r a t io ,  
and requires a vory noticeable increase i n  in l e t - a i r  pressure f o r  a 
given powor output compared w i t h  an engine operating with froah-air 
intake. This need for an increase i n  in l e t - a i r  pressure means greater 
sx~percha~ger and aftercoollng requirements and a lower c r i t i c a l  a l t i -  
tude f o r  a given a i r c ra f t  instal la t ion.  
Second, the exhaust gas must enter the cylinders along 1.with the 
air under inlet-pressure conditions. Therefore, i f  the exhaust gas 
i s  introduced in to  the  cylinder i n l e t  manifolds, the pressure must 
be obtained from the energy of the exhaust gas a s  it leaves the 
engine cylir~dsr or the gas must be passed 6hrough the supercharger. 
I f  the f i r s t  method i s  possible, it must be accompLished without 
appreciably incseasirg the back pressme on the engine; otherwise the 
power advaritage accompanying %he use of exhaust gas mizsT be offset ,  
If the exhaust gas i s  introduced ahead of the supercharger, a further 
increase i n  power mquiraments of this. un i t  m y  again tend t o  of fse t  
the increased power output available through the use of  the  gas Lo 
i n h i b i t  engine h o c k .  
Finally, the use of exhakst gas muld  necessitate cooling practi-  
ca l ly  all. of the gases from 2 of 9 cyli,aders, or 3 of Ik cylinders, 
from about 1600~ F or 1800" P t o  %he inlet-a.ir t e ~ p e r a t u r e .  An air- 
cooled heat ex~karlgwr would have. t o  be adapted for  cooling, and 
c a l c u l a t i ~ n s  indicate t h a t  a large cooling surface would be necessary 
d t h  a corresponding weight of 150 pounds or more for a conventional 
12GQ-harsepower engine, It Ray be pointed out from reference L, how- 
ever, t ha t  %he use of a heatt exchanger may not cause an appreciable 
additional drag on the  a i r c r a f t  ins%allation ( a t  cruising speed)& 
The design may be mch as  t o  take advantage of the lrkderedith effectlr 
i n  deriving t b u s t  power from the  heat energy of the exhaust gases 
absorbed by the a i r .  T h i s  thrust  power gained from the Meredith 
e f f ec t  a t  high a i r c r a f t  speeds tends t o  compensate for the pomr l o s t  
i n  cooling-air drag and, ur id~r  some conditions of f l igh t ,  m&y even 
produce a s m a l l  net thrust  aiding propulsion. The heat-exchanger 
unit ,  however, would always offer the  disad~ants+ge of increased ins ta l -  
la t iar i  weight afid take-of f drag, 
The other method in~restigated i n  t h i s  pxaject for  increasing the 
power output of on engine is the use of LOW temperatures of the corn- 
b ~ s t i o n  a i r  supplied t o  $,he engine cylinders, This practice is  very 
effective and shows the advisabi l i ty  of using an aftercooker for  
~ u l t i c y l i n d e r  a i r  craf t-engine instal la t ions.  The disadvantages %o 
t h i s  ins ta l la t ion  a re  again the heat-excharger-weLght. lbti-bat;ions and 
the irareased drag. 
The t e s t s  showed the following resu l t s :  
1. Increasing t h e  cylinder compression r a t i o  t o  10.0 from the 
origins1 valne of 7.9 decreased the knock-limited indicated mean 
effective pressure 42 percent a t  a fuel-air r a t i o  of 0.06 and 24 per- 
cent a t  a fuel-2j.r r a t i o  of 0.10. The respective decreases i n  .I;l~e 
indica. t~d specific fue l  cons~unption for  these fuel-air  r a t i o s  were 
8 and 10 p e r c e ~ t .  
..2. Decreasing the in l e t - a i r  temperature at  a compression r a t i o  
of 7.0 t o  1000 F from the  or iginal  value of 250° F increased the 
knock-limlted i d f c a t e d  mean effect5.ve pressure 30 percent at a fuel- 
a i r  r a t i o  of 0.06 and 12 percent; at a fue l -a i r  r a t i o  of 0,10, 
3. The use of cooled exhaust gas mixed with tlze intake air 
raised the bock-free power of a conventional a i r c r a f t  fuel ,  
4, The use of exhaust gas caused an increase i n  indicated ape- 
cS.fio fue l  consumption both when the engine was  operated at  the knock- 
l imited permissi%le perfoxmnce and below t h i s  l i m i t .  
5, Exhaust-gas additions had a cooling ef fec t  on the engine 
head and cylinder, The exhatujt-valve-guide temperatwe, however, 
always exhibited a tendency t o  increase with exhaust-gas d i lu t ion  at 
fuel-air  r a t i o s  below 0,065, 
6, The use of exhaust gas mixed with the  intake air a t  high 
compression ra t ios  t o  obtain the sane power o u t p ~ t  a s  the  oonventional 
low-compression-ratio engine decreased the cylinder temperatures, 
7, A t  a compression r a t i o  of 7.0, a 4O F decrease i n  the in l e t -  
air temperature had the saslo ayerage effect  i n  ra i s ing  the hnoclr- 
l imlted performance of the engine as an addition of 1 percent exhaust 
gas t o  the i n l e t  a i r ,  
8, Decreasing the in l e t - a i r  temper-ature from 2500 I? t o  1000 F 
had no appreciable 'offoct on the temperatures of the  c ~ l i n d e r  head 
and barrel ,  though the knock-limited polier o u t p ~ t  increased a s  much 
as 30 percent. For these conditfons the exhaust-valve-guide tempera- 
tu re  increased a maximini of 30O F a t  about 0.07 fuel-air  r a t io ,  
From an anal;~sia of the t e s t  resu l t s  on a iqriglit R-1820 G200 
cngino, the following conclusions were roacLod: 
1, The use of exhaust gas a s  an internal  coolant presents the 
following disadvantages from considerations of engine operation: 
(a)  Cornparatis-ely hj.gl1 pe~centages of exhaust gas (20 per- 
cent by weight of intake a i r  or more) a re  required t o  produce an 
appreciable increase i n  knock-limited indicated mean effective pres- 
sure. 
(b) The use of exhaust gas causes a decrease i n  indicated 
t h e m 1  efficiency and req.dres an increase i n  in le t -a i r  pressure for 
a given power output compared with con~entional  operation. 
The sdvisabi1it;y o f  the use of exhaust gas as an in te rna l  
coolant for increasing the maximum permissible power oxttput of an 
a i rcraf t  engine must be judged i n  adclition t o  the data presented in 
t h i s  paper on the d i f f i c u l t i e s  t o  be encountered i n  cooling the 
exhaust gas and i n  introducing it in to  the  incoming charge, 
Airoraft Engine Research Laboratory, 
- - Nat5oml A d v i ~ o ~ y  Gommittee fo r  Aeromu%ics, 
CL~veland, Qhio* 
Ricardo, Harry R : The Internal-Combustion Engine, TJol. 11. 
Flackie and Son, Ltd, (~1asgow and gonbay), 1923, pp. k5-4h. 
2. Sanders, Newell D. ,  and Barnett,  Henry C.: Effect cf  Varying 
~ e r c e k t a ~ e s  of ~ k h a u s t  Gas o n  En irk? Perfofmance . NASA EB 
No. 3D27, April 2943, - - r* - - -  ~ ~ ; t $ : - i - ~ -  
3 
+ Taylor, C .  Faye'cte, and Taylor, Edward S o :  The In te rna l  Com- 
bustion Engine. International Textbook Co , ( ~ c r a n t o n ,  Fa. ), 
1938, p. 78. 
4. l e r sd i th ,  F, We: Note on the Cooling o f  AlFCraft Engines with 
Special  Reference t o  Ethylene Glycol Radiators Encl-osed i n  
Thlc.f,s. R, & MiI. No. 1683. Rr i t i sh  A .R.C., 1935, 
2
 % 9 
in
du
ct
 io
n 
bl
ou
er
 
-
-
 
P 2 0 
Fl
oo
r 
Z
 
P
 
0
 
GJ
 
P
 
e
n
gi
ne
s 
th
er
m
om
et
er
 
Fi
gu
re
 1
. 
-
 
Co
m
bu
st
 io
n-
ai
r 
an
d 
c
o
o
l i
ng
-a
ir
 a
pp
ar
at
us
. 
Fi
gu
re
 2
. 
-
 
Ex
ha
us
t-g
cr
s 
an
d 
fu
el
 a
pp
ar
at
us
. 
Fuel-air rat io  1/32'' Arch. sca le )  
Figure 3. - Effect  of compreeeion rat io  on maximum permissible performance ae limited by 
knock. Wri h t  1820 5200, e i n g l t c y l i n d e r  t e s t  engine; oil-out temperature, 170° F; spark 8 advance, 20 B.T.C. ;  engine speed, 1600 rpm; inlet-air  temperature, 250° F; coollng-air 
- presrure drop, 6.5 inches of water; f u e l ,  Army 100 octane. 
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Figure 9. - Effect of exhaust-gas dilution on fuel ooneum tion at conetant indioated mean 
effective pressure of 162 pound8 per square inch. ~rlg!t 1820 0200, single-cylinder teet 
engine; spark advance, 20° B.T.C.; compression ratio, 7.0; oil-out temperature, 170° 1; 
engine speed, 1600 rpm; inlet-air temperature, 2500 F; cooling-air pressure drop, 6.5 inches 
of water; fuel, A m y  100 octane. 
NACA ARR Y o .  4C31 Fig. 10a 
Flgure 10b.- Continued. 
NACA ARR NO. 4 C 3 1  Fig. 1 0 ~  
Figure 10d. - Clonoludsd. 
Figure 11. - Indicated epeoliic fuel  oonsumptione required at various book-limited levels  
with exhaust-gae dilution at fuel-air ra t la  above 0.065. Wright 1820 0200, ningle- 
o~ l inder  tent enaine: s~sirk advance. 20° B.T. C. : oil-out tem~erature . 170' F: enaine €i~eed. 
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Figure 14. - Effect of inlet-air iemperature on maximum permieeible performance ae 
limited by knock. Wright 1820 0200, eingle-cylinder teet engine; compression ratio, 7.0; 
epark advance, 20° B.T.C.; oil-out temperature, 170' F; engine epeed, 1600 rpm; cooling-air 
preseure-drop, 6.5.inches of water; exhauet gae, 0 percent; fuel, Army 100 octane. Orore 

